background: The number of germ cells in human embryonic and fetal ovaries in relation to age is currently based on volumetric estimations from one study including a total of 12 ovaries. Six recent publications present stereological estimations of the number of germ cells in ovaries and testes for the first two trimesters.
Introduction
Information on the number of germ cells in the human embryonic and fetal ovaries is currently based on the findings from the original study of Baker (1963) almost half a century ago. In these studies, the development of germ cell numbers during fetal development was based on a total of 12 ovaries covering 2 -7 months post-conception (p.c.) and obtained by the use of volumetric methods (Baker, 1963) . There has, to our knowledge, been no collective estimate on the number of germ cells in testes during fetal development. Recently, six independent studies each with a limited number of observations (Bendsen et al., 2003; Bendsen et al., 2006; O'Shaughnessy et al., 2007; Fowler et al., 2009; Lutterodt et al., 2009; Mamsen et al., 2010) have estimated germ cell numbers, in ovaries and testes, during the first two trimesters of pregnancy using stereological methods (Gundersen et al., 1988) . The stereological method provides a precise and unbiased estimate of the total number of cells in any given organ by counting only a fraction of cells of interest and this method is now considered the gold standard (West et al., 1991) . The original study by Baker (1963) was performed using the volumetric method, which generally results in less accurate estimates of the total number of cells. Another recent study estimated the number of primordial follicles in human fetal ovaries using a morphometric method (Forabosco and Sforza, 2007) .
In the present study, we have performed a combined analysis of studies in which the stereological method was employed. From these six studies, the best available estimate on the germ cell and somatic cell numbers in human embryonic and fetal ovaries and testes during the first and second trimester of pregnancy was calculated and compared with the original data from Baker (1963) .
Materials and Methods
The present study included 53 ovaries and 50 testes collected from a total of 103 embryos and fetuses aged 37 -133 days p.c., corresponding to an age of 5 -19 weeks p.c. In clinical terms, this corresponds to 7 -21 gestational weeks. The gonads were obtained from healthy women who underwent legal termination of pregnancy and all participants had given their informed consent. For each of the six studies included, the appropriate institutional review boards had approved the collection of embryonic and fetal material. The embryonic and fetal age was determined either by crown-rump length (O'Shaughnessy et al., 2007; Lutterodt et al., 2009; Mamsen et al., 2010) or by measuring the length of limbs and feet (Bendsen et al., 2003; Bendsen et al., 2006) . The study by Fowler et al. (2009) used the gestational age as reported by the participating women. In studies examining embryos and fetuses in the first trimester, the chromosomal sex (XY) was verified by polymerase chain reaction of a small piece of the embryonic tissue, using XY primers (Nakahori et al., 1991) .
Stereology
The optical dissector technique was used to estimate cell numbers in all six stereological studies (Gundersen, 1986) . This method provides an unbiased estimate of the total cell number in any given organ by counting only a fraction of the cells. This is especially valuable when the cell population is too large to be counted exhaustively (West et al., 1991) . The technique combines two stereological principles: the three-dimensional probe for counting cells called the dissector and the fractionator, i.e. a systematic uniform random sampling scheme (Gundersen, 1986; West et al., 1991) . The fractionator sampling scheme ensures that all parts of the region of interest have an equal probability of being sampled (West, 1993) . The total cell number (N) in the gonads is estimated by multiplying the number of cells sampled ( Q 2 ) by the reciprocal of the three sampling fractions: the number of samples measured (ssf), the area of the counting frame (asf) and the height of the optical dissector (hsf) (Dorph-Petersen et al., 2001) .
Tissue processing
The tissues were, in all studies, cut in relatively thick sections (20-50 mm), and stained with haematoxylin and either eosin or periodic acid-Shiff reagent.
Identification of cell types
The germ cells were identified by the morphology of the cell and in particular of the nuclei. Male germ cells have large spherical nuclei up to 9 mm in diameter and could thereby be distinguished from the nuclei of the elongated and irregular surrounding Sertoli cells. Female germ cells have large spherical nuclei up to 11 mm in diameter, which differ from the small and irregular nuclei of the surrounding somatic cells (Bendsen et al., 2001) .
Statistical methods
The log-transformed germ cell counts were modelled using a linear regression model. The initial model for the expected log 2 -germ cells included the main effects of: gender and study and a linear effect of age (in days p.c.) and an interaction between study and age, gender and age and finally age squared to capture a possible non-linearity in the dependence on age. The model was simplified by removing effects that are not statistically significant.
Figure 1
Germ cell number per gonad in male and female embryos and fetuses in relation to age in days p.c. The observations are obtained from six independent stereological studies, which are presented with different marks.
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Results
The number of germ cells was plotted against age in a log 2 -transformed diagram for both male and female fetuses (Fig. 1) . The actual mean numbers of germ cells per gonad from week 5 to week 19 p.c. for each gender is shown in Table I . When testing the effects in the initial regression model, we found no interaction between the study effect and age (P ¼ 0.118), showing that the increase in cell numbers in relation to age in the different studies was of the same magnitude (Fig. 1 ). This was followed by test of no study effect, which was statistically non-significant (P ¼ 0.062), so in this model we found no effect of study, neither on the rate nor on the level of germ cells. The slope of the curves in Fig. 1 starts to level off around Day 70 p.c., being similar for male and female gonad cell numbers (P ¼ 0.703). When data on females were analysed against data on males, a higher rate of increase for germ cells was found in females (P ¼ 0.004).
After removing non-significant effects in this way, the resulting model for the log 2 -transformed number of germ cells (Fig. 2) fitted a model of a second-degree polynomial. This showed that the growth rates change over time and demonstrated that the growth rate of germ cells is increased as pregnancy progresses, at least in the period evaluated in the present study (Table II) . The rate of increase at 50 and 100 days p.c. was estimated (Table II) and reflects the slope of the tangents to the respective curves.
The number of somatic cells was counted in all gonads in two of the stereological studies (Lutterodt et al., 2009; Mamsen et al., 2010) and in half of the number of gonads used in two studies (Bendsen et al., 2003; Bendsen et al., 2006) and the estimations were of the same magnitude (Table III) 
Discussion
The present study substantially enhances our knowledge of the number of germ cells present in human embryonic and fetal gonads from 5 to 19 weeks p.c. by including numbers from a total of 103 gonads. This is the first collective account of germ cell numbers in human testes and of the number of somatic cells during the first two trimesters of pregnancy. In ovaries, the original study of Baker (1963) only included 12 ovaries covering the entire pregnancy period and the present data provide a more accurate estimate of germ cell number in human ovaries during the first two trimesters of pregnancy. The results reported by Baker (1963) included the number of germ cells per ovary to be 298 400 (2 months p.c.); 710 600 (3 months p.c.) and 1 788 600 (4 months p.c.) using an average of two ovaries per observation. The first number is higher whereas the two other numbers are lower, compared with the corresponding mean stereological estimates of germ cells of the same age (Fig. 3) . During recent years, it has become increasingly clear that the finetuned hormonal regulation of sex differentiation that occurs in human gonads is susceptible to influences from the environment and to the behaviour of the pregnant mother (Bendsen et al., 2001; Biggs et al., 2002; Habert et al., 2009; Lutterodt et al., 2009; Bornman et al., 2010; Mamsen et al., 2010) . Gonadal sex differentiation takes place around week 6 p.c. (Byskov and Høyer, 1994) and is crucial for the further development of the reproductive organs and may influence further fertility. Therefore, in addition to the basic scientific interest of the present data, it is of importance to have a precise knowledge of the cell numbers in human gonads in order to monitor possible influences from the environment. However, one of the present six studies actually showed a significant reduction in the germ cell number in gonads originating from women who smoked during Figure 3 The estimated number of germ cells per fetus in relation to age in days p.c. in the six stereological studies compared with the number of germ cells in the volumetric study by Baker (1963) .
Germ cell numbers in embryonic and fetal gonads pregnancy (Mamsen et al., 2010) . Smoking habits were evaluated with respect to germ cell numbers in two studies, whereas the remaining four did not evaluate this factor. However, the overall number of germ cells did not differ between the studies reflecting that mothers who smoked occur with approximately the same frequency in all the studies. This information has to be taken into account when using the present data in future studies. Baker (1963) estimated that number of germ cells showed a relatively high discrepancy compared with the mean number of germ cells of the same age found in the six stereological studies. This may indicate an inconsistency between the volumetric counting technique (Chalkley, 1943) and the stereological method (Gundersen, 1986) or perhaps the age of fetuses were not quite comparable. Moreover, Bakers estimations were generated from just a few ovaries aged 8-19 weeks p.c. and the biological variance between individuals, which indeed has been observed in the present study, may also explain the observed discrepancy. Environmental pollutants, such as cigarette smoke that lower the number of germ cells in the developing gonad (Lutterodt et al., 2009; Mamsen et al., 2010) may also influence on the variation seen between the studies. However, the exact information on the mothers smoking habits is not available from the study of Baker (1963) nor in four of the stereological studies. Thus, the overall effect of smoking cannot be evaluated.
The present study provides estimates on the rate of increase, based upon balance of formation and loss of germ cells in embryonic and fetal gonads during the first two trimesters of pregnancy. It is notable that the rate of increase is relatively high for germ cells during the period of Day 40 to Day 70 p.c. for both genders and appears to level off after Day 70 p.c. For females, this reduced increase rate may reflect the transformation of mitotically dividing oogonia to the non-dividing meiotic oocytes that first begins around Day 60 -70 p.c. (Gondos et al., 1986; Bendsen et al., 2006) . However, it cannot readily be explained why the rate of increase appears to level off in the males, since testicular germ cells continue to proliferate throughout life and meiotic divisions only start to take place at puberty (Byskov, 1982) .
The number of germ cells, as presented in the present six studies, is done in relation to fetal age. However, the method to determine fetal age differs between the studies and each method itself introduces a bias on the age determination. Thus, it is reassuring that statistical tests found that the number of germ cells determined in each of the six studies were similar after appropriate statistical corrections indicating that the potential bias of age determination is likely to be of minor significance.
The numbers of somatic cells in the developing gonads were systematically counted by stereological methods in four of the studies (Bendsen et al., 2003; Bendsen et al., 2006; Lutterodt et al., 2009; Mamsen et al., 2010) , and the estimations on total cell number was of the same magnitude between the included studies. Until sexual differentiation around week 6 p.c. (Wartenberg, 1983) , the number of somatic cells were similar in male and female gonads, whereas afterwards the male somatic cells increase faster as compared with females, resulting in approximately twice as many somatic cells in male gonads at week 9 p.c.
None of the studies evaluated the chromosomal status of the specimens used. If any of the included gonads actually had chromosomal errors, it could potentially influence the number of germ cells and somatic cells and affect the results obtained. However, since the gonads were obtained from legal abortions and not spontaneous abortions, the frequency of chromosomal abnormalities is considered to be low and without a significant influence on results.
Further, it should be noticed that although the present study included results from six independent publications, they originate from only two different groups. This could potentially introduce a bias in the estimations of cell numbers and additional studies, especially on germ cell number in the second half of pregnancy, are warranted to confirm and expand our knowledge.
In conclusion, using information from more than 100 human embryonic and fetal gonads, the number of germ cells and somatic cells in ovaries and testis during normal development from week 5 to week 19 p.c. has been generated. These data provide new basic science information and may be used to evaluate environmental effects on human gonadal development during pregnancy.
